ABSTRACT: Serum samples obtained from white-tailed deer (Odocoileus virginianus) in Connecticut (nϭ218) and South Carolina (nϭ20) (USA) during the period 1992-2002 were analyzed for antibodies to whole-cell or recombinant antigens (i.e., fusion proteins) of Borrelia burgdorferi sensu stricto and Anaplasma phagocytophilum, etiologic agents of Lyme borreliosis and granulocytic ehrlichiosis, respectively. In enzyme-linked immunosorbent assays (ELISAs) with wholecell B. burgdorferi, the overall seropositivity rate for Connecticut (53%) exceeded that for South Carolina (30%). In separate tests of seven recombinant antigens of B. burgdorferi by an ELISA, seroprevalence for the VlsE antigen was highest (48%) in Connecticut followed by outer surface protein (OspF) (21%), whereas serum reactivities to the protein (p) 41-G antigen (55%) and VlsE (25%) were most frequent for South Carolina sera. In analyses for antibodies to the recombinant protein (p) 44 antigen of A. phagocytophilum, seroprevalences of 52% and 25% were recorded for Connecticut and South Carolina samples, respectively. These findings paralleled those determined by indirect fluorescent antibody staining methods with whole cells (43% and 30%). Moreover, there was good agreement (74%) in results of Western blot analyses and an ELISA when a subset of 39 sera was screened with whole-cell or recombinant p44 antigens of A. phagocytophilum. An ELISA with highly specific recombinant VlsE or p44 antigens can be used in conjunction with other antibody tests to determine whether deer living in different regions of eastern United States were exposed to B. burgdorferi or A. phagocytophilum.
INTRODUCTION
In widespread areas of eastern and upper midwestern United States, Ixodes scapularis ticks are abundant. White-tailed deer (Odocoileus virginianus) are important hosts for motile stages of this tick. The rise in populations of I. scapularis parallels increases in numbers of deer in or near forests. Human granulocytic ehrlichiosis (HGE) and Lyme borreliosis cases have been reported in regions where I. scapularis occurs (Walker and Dumler, 1996; Walker et al., 1996; Belongia et al., 1997; . Antibodies to Anaplasma phagocytophilum, formerly Ehrlichia phagocytophila (Dumler et al., 2001) and recently renamed (Anonymous, 2002) , and Borrelia burgdorferi have been detected in deer sera (Gallivan et al., 1998; Magnarelli et al., 1999) . With limited home range, deer are suitable for studies designed to help identify sites in Connecticut where these and other tick-borne infections are highly endemic.
A variety of serologic tests, such as indirect fluorescent antibody (IFA) staining methods, Western blot analysis, and enzyme-linked immunosorbent assays (ELISAs), have been used to verify past or current infections of B. burgdorferi and A. phagocytophilum infections (Lane et al., 1994; Luttrell et al., 1994; Magnarelli et al., 1999; Arens et al., 2003) . Although sensitivities and specificities of these assays were considered acceptable, there is potential for false positive reactions when whole-cell antigens are used because heatshock, flagellin, or other proteins of these pathogens may be shared with other bacteria. Recent advances in the production and use of purified recombinant antigens (i.e., fusion proteins) in ELISAs to detect antibodies in human, dog, horse, and bovine sera Magnarelli et al., 2001a Magnarelli et al., , b, c, 2002a have improved laboratory analyses. The objectives of the present study were to develop and evaluate ELISAs incorporating highly specific recombinant antigens of A. phagocytophilum and B. burgdorferi, to compare assay performance, and to calculate seropositivity rates for infections in deer from the northeastern and the southeastern United States.
MATERIALS AND METHODS
Whole-blood samples were obtained from deer during the period 1992-2002 from seven of eight counties in Connecticut and Beaufort County, South Carolina (USA). Serum samples from Connecticut white-tailed deer (nϭ218) consisted of 99 samples collected in 1992 and 1996 and previously tested with whole-cell antigens of B. burgdorferi and A. phagocytophilum (Magnarelli et al., 1995 (Magnarelli et al., , 1999 and 119 additional samples collected between 1999 and 2002 (Table 1) . Our study group also included 59 previously untested sera, obtained from deer blood collected during November of 1999 in 33 towns located in southern and eastern Connecticut. In addition, another 60 fresh serum samples were obtained in September through December of 2000 and 2002 from deer in North Branford, Connecticut (41Њ20ЈN, 72Њ46ЈW) in New Haven County. Sera from the latter group were separated from whole blood drawn by venipuncture of tranquilized animals in accordance with research protocols approved by an institutional animal care use committee. An additional 20 deer sera, collected in 2001 from Hilton Head Island, South Carolina (32Њ12ЈN, 80Њ45ЈW), originated from blood specimens taken from the body cavities of animals killed during the fall hunting season. Details on centrifugation procedures and methods of processing blood samples for antibody or polymerase chain reaction (PCR) analyses have been reported (Magnarelli et al., 1999) .
Indirect fluorescent antibody staining methods or a polyvalent ELISA were used to detect total immunoglobulins to A. phagocytophilum and B. burgdorferi. Assays with whole-cell antigens were used as a reference to compare the performances of new tests with recombinant antigens. Details on materials and procedures for assays incorporating whole-cell antigens (strains NCH-1 or 2591) have been reported (Magnarelli et al., 1999 ). An ELISA containing separate recombinant protein (p) 44 antigen of A. phagocytophilum or the following recombinant antigens of B. burgdorferi, outer surface protein (Osp)C (23 kDa), OspE (19 kDa), OspF (29 kDa), p35 (47 kDa fibronectin-binding protein), p39, p41-G, and VlsE (VlsE1-HIS), were essentially the same as those used in analyses of dog, bovine, and human sera (Magnarelli et al., 2000a (Magnarelli et al., , 2001a (Magnarelli et al., , b, c, 2002a . Briefly, the p44 antigen, a major outer membrane component, was fused with maltose-binding protein (MBP) and was the same reagent evaluated with human sera Magnarelli et al., 2001a) . This antigen was coated to flat-bottom polystyrene plates (Nunc A/S, Roskilde, Denmark) at a concentration of 2.5 g/ml for optimal reactivity. The working dilution of commercially prepared (Kirkegaard and Perry Laboratories, Gaithersburg, Maryland, USA) horseradish peroxidaselabeled rabbit anti-deer immunoglobulin was 1: 800 in phosphate-buffered saline solution (PBSS). Recombinant VlsE1-HIS was provided by S. J. Norris (University of Texas Medical School at Houston, Houston, Texas, USA). This His 6 -tagged version of the full-length VlsE protein was expressed and purified, as described by Lawrenz et al. (1999) . All other recombinant antigens of B. burgdorferi were cloned, expressed, and purified as glutathione S-transferase (GST) fusion proteins in Escherichia coli, as described before (Magnarelli et al., 2000a (Magnarelli et al., , 2001b (Magnarelli et al., , 2002b . The VlsE surface-exposed lipoprotein antigen was coated to plates at a concentration of 1 g/ml. All other antigens were coated at 5 g/ml. The peroxidase-conjugated anti-deer immunoglobulins were diluted to 1: 800 in PBSS. Serum samples were diluted in PBSS (pH 7.2) to 1:160, 1:320, and 1:640. If positive, sera were retested at higher dilutions to determine titration endpoints. Since deer sera reacted frequently with VlsE and p44 antigens, tests were conducted with five antibodypositive and three negative sera for reactivity to these fusion proteins on different days to determine reproducibility of results. All plates contained positive control sera used earlier (Magnarelli et al., 1999) and negative controls for sera, PBSS, GST, MBP, and conjugates. In addition, human positive sera were used to verify whole-cell and recombinant antigen reactivity.
Seventeen to 35 negative control sera, tested before by IFA or ELISA methods with wholecell antigens (Magnarelli et al., 1995 (Magnarelli et al., , 1999 (Magnarelli et al., 1986 (Magnarelli et al., , 1999 to assess potential for false positive reactions in an ELISA incorporating new lots of recombinant antigens. Six broadly reactive positive control deer sera, two containing homologous antibodies to A. phagocytophilum and four homologous antibody-positive samples from animals inoculated with B. burgdorferi; plus six cattle sera with homologous antibodies to Anaplasma marginale; and one cow serum positive for Brucella antibodies were tested with the full panel of antigens. Positive cattle sera were included in these tests because these animals are closely related to deer. Companion blood samples for the two deer sera with antibodies to A. phagocytophilum were shown earlier (Magnarelli et al., 1999) to have DNA of this agent. Also, cattle with A. marginale antibodies were known to have red blood cells infected with this pathogen. In all analyses of cattle sera, peroxidase-labeled goat anti-bovine antibodies (Kirkegaard and Perry Laboratories) were diluted in PBSS to 1:8,000.
Western blot and PCR analyses were conducted to assess ELISA results for A. phagocytophilum antibodies. Matching whole blood and serum samples, obtained from 39 deer during 1996 in Connecticut, were used to determine concordance of results. Details on the preparation and use of lysates of infected and uninfected HL-60 cells and on other materials and procedures for immunoblotting have been described (Magnarelli et al., 1999) . Similarly, methods used to prepare genomic DNA for PCR analyses and procedures applied to detect the DNA of A. phagocytophilum in whole-blood samples have been reported (Magnarelli et al., 1999) .
A z-test was used to determine significant differences in percentages of positive results. Analysis included the Yates' correction as a part of the statistical software program (SigmaStat, SPSS Inc., Chicago, Illinois, USA).
RESULTS
Sera tested from seven counties in Connecticut contained antibodies to B. burgdorferi (53% positive) or A. phagocytophilum (43% positive) when whole-cell antigens were incorporated in assays (Table  1) . Differences in these percentages were statistically significant (zϭ1.994, Pϭ0.046). When 10 or more sera were tested, seropositivity for B. burgdorferi antibodies ranged from 40% to 74%, while those for A. phagocytophilum ranged from 20% to 69%. In general, overall serum reactivities to recombinant B. burgdorferi antigens were much less frequent than that recorded for whole-cell antigens. An exception was noted for VlsE results, where the number of seropositives (nϭ104) nearly equaled the 115 positives for whole-cell antibodies. Positive findings for OspE (nϭ1), p39 (nϭ1), OspF (nϭ46), and the remaining recombinant B. burgdorferi antigens were much lower (seropositivityϭ21% or less). Moreover, 17 sera were positive to one or more recombinant antigens and negative by an ELISA with whole-cell antigen. In analyses for A. phagocytophilum antibodies, seroprevalence for the recombinant p44 antigen (52% positive) exceeded that calculated by IFA staining methods with whole-cell antigen (43%). Of the total 218 sera analyzed, 88 (40%) contained antibodies to whole-cell or recombinant antigens of both pathogens.
Serologic test results for 20 deer sera from South Carolina revealed comparatively fewer seropositives. Reactivity to recombinant p41G was most frequent (nϭ11 positives); antibody concentrations varied (1:160 to 1:1,280). The highest antibody titer (1:1,280) was recorded for two sera reactive to VlsE antigen. Six sera (30%) contained antibodies to whole-cell B. burgdorferi. Of these, five sera also had antibodies to recombinant p41G (nϭ5), VlsE (nϭ1), OspC (nϭ1), or OspF (nϭ1). Similarly, there were six seropositives for A. phagocytophilum whole-cell antibodies by IFA staining methods (titersϭ1:160 to 1:640), five of which also reacted to the p44 antigen by ELISA (titersϭ1:640 to 1: 1:2,560). Three deer sera contained antibodies to B. burgdorferi and A. phagocytophilum.
Seropositivity rates for an ELISA with VlsE antigen were highly concordant with those determined by an ELISA with whole-cell B. burgdorferi antigens. Of the 218 Connecticut sera screened by both assays, 92 and 90 sera were positive and negative, respectively, in both assays (84% agreement). Results for the remaining 36 sera differed; 23 samples were positive to whole-cell antigen and negative to VlsE, while the reverse was noted for 13 sera.
Antibody test results for A. phagocytophilum revealed a concordance of 71% when findings for an ELISA incorporating the p44 antigen were compared with those of IFA staining methods with whole-cell antigens. Seventy-six sera were positive in both tests, while 88 samples were negative. Thirty-seven other sera reacted to the p44 antigen by an ELISA but were negative by IFA methods. The remaining 17 sera were positive by IFA and negative by an ELISA.
Concentrations of antibodies varied. In analyses for B. burgdorferi immunoglobulins, antibody titers generally ranged between 1:160 and 1:5,120 (Table 2) . Maximal titration endpoints and an elevated geometric mean (698) were recorded when VlsE antigen was incorporated into an ELISA. Two sera had antibody titers of 1:10,240 to this antigen. Similar results were obtained when the p44 recombinant antigen was used in an ELISA. Five sera had antibody titers of 1:10,240, while one serum sample had an endpoint of 1: 40,980.
Matching whole blood and serum samples were analyzed to assess concordance Of the 39 sera tested by both procedures, 19 and 10 were positive or negative, respectively, by both assays (Table 3) . A comparison of PCR and ELISA results, however, showed a lower concordance value (31%). When findings were positive in both tests, antibody titers ranged between 1:320 and 1:1,280. A similar range of titers (1:320 to 1:5,120) was noted when sera were positive by an ELISA and negative by immunoblotting methods. Titration endpoints were also elevated (1:320 to 1: 40,980) when samples were positive by ELISA and negative for DNA. Concordance was lowest (26%) when results of immunoblotting were compared to PCR findings. Antibody-positive and -negative sera were retested to assess reproducibility of results. Titers for five sera with B. burgdorferi antibodies to VlsE were the same (nϭ1) or varied by twofold (nϭ2) or fourfold (nϭ2) in the second trial. In tests of five positive sera for A. phagocytophilum antibodies, results were the same (nϭ1) or differed by twofold (nϭ3) or fourfold (nϭ1). Results for the three negative sera remained unchanged when reanalyzed by ELISA with the VlsE or p44 antigens.
Minor cross-reactivity occurred when cattle sera containing antibodies to A. marginale or Brucella were tested with wholecell or recombinant antigens of B. burgdorferi or A. phagocytophilum. One serum with A. marginale antibodies was positive to p41G and VlsE antigens at titers of 1: 160 and 1:320, respectively, while another sample in this group reacted with p44 (titerϭ1:640) antigen. The serum sample with Brucella antibodies reacted to wholecell B. burgdorferi in an ELISA at a titer of 1:320. The remaining four cattle sera and the positive control deer sera were negative to all heterologous antigens included in this study.
DISCUSSION
Serologic test results for B. burgdorferi and A. phagocytophilum show widespread occurrence of these pathogens in Connecticut and presence in South Carolina. As suggested before (Little et al., 1998; Magnarelli et al., 1999; Arens et al., 2003) , some deer may be simultaneously infected by multiple pathogens. Although deer do not appear to be reservoirs for B. burgdorferi, coinfections may be significant for A. phagocytophilum infections. For example, concurrent infections in mice resulted in increased concentrations of both pathogens and more severe Lyme arthritis, compared to mice that had only B. burgdorferi infection (Thomas et al., 2001) .
Although antibodies were produced to whole cells and to one or more recombinant antigens of B. burgdorferi, seropositivity to VlsE greatly exceeded serum reactivities to all other fusion proteins of this pathogen and was comparable to overall results for an ELISA with whole cells. There were several positives for OspF antibodies but at much lower frequency. A similar pattern of reactivity was noted when human sera from patients who had erythema migrans were tested for classspecific antibodies (Magnarelli et al., 2002b) . The VlsE antigen was judged to be the most suitable test antigen for diagnosis of early infections because of its high sensitivity and specificity. Other investigators have demonstrated utility of this antigen, regardless of whether a fulllength recombinant VlsE (Lawrenz et al., 1999; Bacon et al., 2003; Schulte-Spechtel et al., 2003) or a peptide corresponding to the invariant IR6 region of the VlsE antigen (Liang et al., 2001; Bacon et al., 2003) was used in an ELISA. The VlsE antigen evaluated in the present study is a desirable test antigen for confirming past or current B. burgdorferi infections in deer. Information on serum reactivity to OspF is also useful for confirmatory purposes.
The variable findings for antibody-positive deer sera at different sites in Connecticut parallel those reported for horses there (Magnarelli et al., 2000b) and for deer elsewhere (Gallivan et al., 1998) . It is clear that there are numerous foci for both pathogens in Connecticut, where I. scapularis ticks are abundant. There also is evidence of these infectious agents in deer and horses in the southeastern United States (Mahnke et al., 1993; Magnarelli et al., 2001c) , but seroprevalence appears to be much lower there. Regional and local differences in seropositivity values for B. burgdorferi are probably due, in part, to variable sample sizes, numbers of infected ticks feeding on hosts, variations in host immune responses among subjects to the same or different strains of the spirochete (Lane et al., 1994; Luttrell et al., 1994) , and the timing of antibody responses relative to sampling (Gallivan et al., 1998) . In experimentally challenged deer, antibody responses to B. burgdorferi occurred rapidly after inoculation (Luttrell et al., 1994) and peaked 6 to 7 wk later. However, it is unknown how long these immunoglobulins persist over several months. There is less information on humoral responses to A. phagocytophilum and persistence of antibodies in deer. Therefore, interpretation of seropositivity rates is difficult. High prevalences of seropositive specimens may not necessarily correlate with prevalence of infected ticks at selected sites.
In analyses for antibodies to A. phagocytophilum, seroprevalence for the p44 re-combinant antigen in an ELISA exceeded that for whole-cell antigens determined by IFA staining methods. Earlier studies demonstrated the value of this antigen in analyses of human and horse sera Magnarelli et al., 2001c) where Western blot analyses confirmed ELISA results. In the present study, there was relatively high concordance when results of immunoblotting and ELISA were compared. Detection of A. phagocytophilum DNA for some samples supports evidence of infection. Therefore, reactivity of deer sera to the p44 antigen appears to be an important indicator of exposure to A. phagocytophilum.
A lower concordance value was noted when antibody test results for A. phagocytophilum were compared with PCR findings. In earlier studies of deer (Belongia et al., 1997; Arens et al., 2003) , which focused on B. burgdorferi, Ehrlichia chaffeensis, or Ehrlichia ewingii, and of horses with A. phagocytophilum infections (Van Andel et al., 1998; Magnarelli et al., 2001c) , investigators found that DNA findings sometimes do not correlate well with antibody test results. Pathogens may be present in blood for relatively short periods (i.e., a few weeks) following initial infection via tick bites. During early infection, antibody concentrations are usually too low to be detected by an ELISA, regardless of the antigen used. With time and an ensuing expansion in humoral responses, antibody concentrations rise and, therefore, along with mounting cell-mediated immune responses, may be sufficient to depress pathogen concentrations. For laboratory diagnosis of equine granulocytic ehrlichiosis, it was concluded that DNA analyses were most suitable during the early days of acute infection, while antibody tests were more practical several days later when horses were convalescing (Van Andel et al., 1998; Magnarelli et al., 2001c) . Therefore, different methods should be used to confirm A. phagocytophilum infections. In the present study, it is unknown when deer were infected with this agent, but, as observed for horse infections (Van Andel et al., 1998) , it is possible that the positive DNA results were indicating recent infections associated with the bites of I. scapularis females during the fall.
Results of specificity testing indicated minor cross-reactivity when cattle sera with A. marginale or Brucella antibodies were screened against B. burgdorferi and A. phagocytophilum antigens. In general, heterologous antibody titers were relatively low, and the false positives were probably a result of normal assay variability. In tests of reproducibility, up to fourfold variation of antibody titers was recorded. In earlier studies (Magnarelli et al., 1986) , low-titered reactions (1:64 to 1:128) were noted when deer sera containing antibodies to B. burgdorferi were screened by IFA staining methods against Leptospira interrogans serovars (pomona, hardjo, and icterohemorrhagiae) and Treponema denticola. In southern states where lone star ticks (Amblyomma americanum) are abundant, Borrelia lonestari may geographically coexist with B. burgdorferi in some areas. Serologic cross-reactivity in antibody tests is possible because many antigens are shared among Borrelia species. Therefore, caution should be used when interpreting low-titered reactions. Also, it is important to know the geographic distributions and host records for pathogens; B. lonestari and A. marginale are not known to occur in the northeastern United States. Although predominantly a pathogen of cattle, the latter has been reported infecting deer and elk (Cervus elaphus) in other regions of the United States (Keel et al., 1995; Zaugg et al., 1996) .
An ELISA with recombinant VlsE or p44 antigens is suitable for testing deer sera for antibodies to B. burgdorferi and A. phagocytophilum in the eastern United States. However, depending on genotypic differences of the pathogen strains present in widely separated regions and immune responses of hosts, key outer surface proteins (relied on as markers in laboratory tests) may be variably expressed or differentially recognized immunologically. Studies are needed to determine whether both antigens are acceptable for analyses of deer sera in the western United States or Europe where related Ixodes ticks occur. Previous work has demonstrated that a synthetic peptide based on the VlsE IR6 of Borrelia garinii (strain Ip90) has an epitope that frequently reacts with human serum antibodies produced in Lyme borreliosis infections in the United States and Europe (Liang et al., 1999 (Liang et al., , 2000 (Liang et al., , 2001 , but consistency of results sometimes varied. Nonetheless, in heavily tick infested areas of the northeastern United States, an ELISA with VlsE or p44 antigens can be used as an adjunct procedure along with assays containing whole-cell antigens for general screening purposes to determine whether deer are exposed to B. burgdorferi and A. phagocytophilum, while PCR analyses can be relied on to provide more direct evidence of infection.
